Introduction
============

Hyperthermic potentiation, defined as the improved effect obtained through a combination of heat and chemo/radiotherapy, has shown promising results in the treatment of cancer.[@b1-ijn-8-1003],[@b2-ijn-8-1003] Over the years, an increasing number of reports regarding use of hyperthermia in conjunction with antineoplastic modalities have provided substantial evidence of its enhanced efficacy.[@b3-ijn-8-1003] Nonetheless, current clinical applications using local, regional, and whole body hyperthermia have a number of disadvantages, including limitations in achievable treatment depth, complications due to patient surface irregularities (eg, head, arms), and overheating of adjacent normal tissue. Consequently, novel hyperthermic treatment options are of significant interest.[@b4-ijn-8-1003]

The mechanisms involved in the hyperthermic potentiation of antineoplastic modalities are diverse. However, increased membrane fluidity has been proposed to be a reasonable cause of this potentiation.[@b5-ijn-8-1003]--[@b7-ijn-8-1003] Cis-diammine-dichloroplatinum (II) (cDDP, cisplatin) is a well characterized chemotherapeutic agent that has shown promising results when combined with hyperthermia, but its mechanisms of potentiation remain largely unknown.[@b8-ijn-8-1003],[@b9-ijn-8-1003] Uptake of cDDP by the cell appears to be mediated by two distinct mechanisms, ie, active transport via copper transporter receptors and passive diffusion through the cellular membrane.[@b10-ijn-8-1003] Currently, it is believed that active transport is the dominant mechanism of cDDP uptake.[@b11-ijn-8-1003] Studies have implicated regulators of copper homeostasis, including the primary human cell copper transporter (hCTR1), as being responsible for modulating the cytotoxic activity of cisplatin and other platinum-based drugs.[@b12-ijn-8-1003] hCTR1 is rich in histidine and methionine residues, for which both copper and cisplatin have been shown to have high affinity and bind competitively.[@b13-ijn-8-1003]

Numerous studies have highlighted the cytoprotective effects of copper in cDDP-exposed yeast and mammalian cells, emphasizing its dependence on hCTR receptors.[@b14-ijn-8-1003]--[@b17-ijn-8-1003] Although some groups report distinct molecular behaviors of the different members of the hCTR family, which appear to be cell-dependent, all reports agree that copper, due to its affinity with the hCTR receptor, affects receptor-mediated entry of cDDP negatively, resulting in improved cytotoxicity.[@b9-ijn-8-1003],[@b18-ijn-8-1003]--[@b23-ijn-8-1003]

Although copper receptors have a critical role in the uptake of cisplatin, one of the first studies that focused on the mechanisms of thermal enhancement of cDDP reported an increase in cell membrane fluidity, which in turn augmented the uptake of cDDP.[@b17-ijn-8-1003],[@b24-ijn-8-1003],[@b25-ijn-8-1003] Therefore, the synergism of cDDP and hyperthermic treatment can potentially be explained in the context of membrane fluidity. However, the means by which hyperthermia is induced can also have additional effects on cells that must be taken into account.

The range of technologies by which hyperthermia is induced has expanded greatly in recent years. The use of magnetic nanoparticles to induce hyperthermia, so-called magnetic fluid hyperthermia, has shown promising in vitro and in vivo results.[@b26-ijn-8-1003],[@b27-ijn-8-1003] Recent studies have also explored magnetic nanoparticles as a means of enhancing chemotherapeutic efficacy.[@b28-ijn-8-1003] When inducing hyperthermia using magnetic nanoparticles, the physical mechanisms inherent in the dissipation of heat by these particles may exert an additional stress that goes beyond thermal effects and which results in enhanced potentiation of chemotherapeutics. Previously, we reported that magnetic fluid hyperthermia resulted in enhanced cytotoxicity when compared with hot water hyperthermia alone in two separate cell lines, and subsequently we showed that magnetic fluid hyperthermia resulted in significantly enhanced cytotoxicity when combined with cDDP, as compared with hyperthermia using a water bath.[@b29-ijn-8-1003],[@b30-ijn-8-1003]

In this study, we endeavored to characterize some of the differences in hyperthermic potentiation of cDDP using hot water hyperthermia and magnetic fluid hyperthermia. We hypothesized that magnetic fluid hyperthermia induces membrane fluidization by an additional thermal or physical stress on the cellular membrane, and that this in turn is responsible for increased intracellular accumulation of cDDP when compared with the effect of hot water hyperthermia. To test this hypothesis, we made direct and indirect measurements of cell membrane fluidity. First, the cell response to cDDP was measured using viability and clonogenic assays and platinum uptake measurements. To take advantage of the competitive binding effect of cisplatin and copper, we exposed a Caco-2 cell line to extracellular copper, thus hindering hCTR1-active receptor transport and permitting preferential passive diffusion via the cell membrane.[@b10-ijn-8-1003],[@b31-ijn-8-1003] In addition, fluorescence anisotropy using trimethylamine-diphenylhexatriene (TMA-DPH) and acridine orange (Life Technologies, Carlsbad, CA, USA) diffusion measurements were done to quantify the extent of membrane fluidity induced by magnetic fluid hyperthermia and hot water hyperthermia. Our results show that cell membrane permeability induced by magnetic fluid hyperthermia is higher than that induced by hot water hyperthermia under similar temperature conditions. This increase in membrane fluidity induced by magnetic fluid hyperthermia is at least one of the mechanisms responsible for magnetic fluid hyperthermia potentiation of cDDP in Caco-2 cells.

Materials and methods
=====================

Caco-2 cell culture
-------------------

Caco-2 cells were obtained from the American Type Culture Collection (ATCC) (Manassas, VA, USA). Cells were cultured in 75 cm[@b2-ijn-8-1003] flasks (Costar, Corning, NY, USA) using Dulbecco's modified Eagle's medium (Sigma-Aldrich, St Louis, MO, USA) containing 10% fetal bovine serum (Life Technologies), 1% nonessential amino acids (Life Technologies), 100 U/mL penicillin (Sigma-Aldrich), and 100 μg/mL streptomycin (Sigma-Aldrich), supplemented with 2 mM L-glutamine and 24 mM sodium bicarbonate. Cells were maintained at 37°C, 95% relative humidity, and 5% CO2. Cell passages were performed weekly, while testing for mycoplasma contamination monthly.

Nanoparticle suspension
-----------------------

The nanoparticles used in this study are from the same batch used in a previous study by Rodriguez-Luccioni et al.[@b29-ijn-8-1003] For expedience, we summarize their preparation and characterization. Briefly, the iron oxide (IO) nanoparticles were synthesized by the coprecipitation method. An aqueous solution of ferric chloride and ferrous chloride with ammonium hydroxide at 80°C was mixed and stirred for 1 hour at pH 8.0 with bubbling nitrogen. After cooling to room temperature, the solution was centrifuged at 1800 rpm for 5 minutes to precipitate the nanoparticles. Nanoparticles were peptized with 0.5 M HNO3, centrifuged for 15 minutes at 3500 rpm, and resuspended in water. Afterwards, the IO nanoparticles were functionalized with carboxymethyl dextran and characterized. The content of IO in the nanoparticles was determined using a thermogravimetric analyzer (TA-2950; TA Instruments, Newcastle, DE, USA). The hydrodynamic diameter was determined by dynamic light scattering using a particle size analyzer (BI-90 Plus; Brookhaven Instrument Corp, Holtsville, NY, USA). The specific absorption rate was measured by placing a suspension of nanoparticles at a concentration of 0.6 mg IO/ mL in an induction heater instrument (RDO Enterprises Inc, Washington, NJ, USA) and applying a magnetic field of 20 kA/m and 238 kHz.[@b29-ijn-8-1003]

The nanoparticles were autoclaved for 60 minutes at a temperature of 121 °C and 15 psi. The autoclaved particles were characterized to verify particle integrity, dispersion, and stability. Once characterized the particles were suspended in Dulbecco's modified Eagle's medium prior to in vitro testing. The final particle concentration was 2 mg particles per mL (0.6 mg IO/mL).

IC~50~ determination
--------------------

IC~50~ values were determined using Cell Titer Blue^TM^ cell viability (Promega, Madison, WI, USA) and clonogenic assays. The cells were seeded in 96-well plates (Thermo Fisher Waltham, MA, USA) and allowed to adhere for 48 hours in Dulbecco's modified Eagle's medium. Adherent cells were exposed to increasing concentrations of cDDP (0.3--200 μM; Sigma-Aldrich) with and without 5 μM [C]{.smallcaps}u^[2+]{.smallcaps}^ (Sigma-Aldrich) for 2.5 hours. Cells were then washed twice with Hank's balanced salt solution (Sigma-Aldrich) buffer and allowed to recover in Dulbecco's modified Eagle's medium for one week at 37° and 5% CO. After this recovery period the Dulbecco's modified Eagle's medium was discarded and the cells were washed twice with Hank's balanced salt solution, stained with CellTiter Blue, and analyzed fluorometrically (Spectra MAX Gemini EM; Molecular Devices, Sunnyvale, CA, USA). For clonogenic assay, the cells (5 × 10[@b5-ijn-8-1003] cells suspended in 2.5 mL of complete Dulbecco's modified Eagle's medium) were exposed to increasing concentrations of cDDP (0.3-200 μM) with and without 5 μM [C]{.smallcaps}u^[2+]{.smallcaps}^ for 2.5 hours. Subsequently, the cells were washed by centrifugation and counted manually using Trypan blue (Sigma-Aldrich).

Different cell dilutions (2000-7000 cells) were seeded in six-well plates (Thermo Fisher Scientific) and allowed to form colonies for 10 days. After this time, the colonies were fixed stained with crystal violet, and counted in the manner reported by Franken et al.[@b32-ijn-8-1003]

Synergism studies
-----------------

### Hot water hyperthermia

Approximately 5 × 10[@b5-ijn-8-1003] cells suspended in 2.5 mL of complete Dulbecco's modified Eagle's medium were transferred to 10 mL glass tubes and placed in a temperature-regulated water bath. Further temperature assessment was performed using a thermometer at 15-minute intervals. Control tubes were half-sealed to allow CO~2~ exchange and remained in the incubator at 37°C for a period of 2.5 hours. Caco-2 cell samples were either treated or not treated with cisplatin (5 μM), [C]{.smallcaps}u^[2+]{.smallcaps}^ (5 μM), or both, and heated to 41°C for 30 minutes. We decided to use mild hyperthermia (41°C) in order to distinguish better the synergistic effect between hyperthermia and cDDP. Application of higher temperatures would lead to signifcant decreases in cell viability, precluding differentiation of cell response to the various treatments. After treatment, the cells were incubated for a further 2 hours at 37°C. The cells were subsequently centrifuged for 10 minutes, the treatment medium was discarded and the cells were resuspended in 2.5 mL of drug-free medium. The cells were seeded in a 25 cm[@b2-ijn-8-1003] flask (Costar) for 48 hours at 37°C and 5% CO~2~. The cells were then trypsinized and cell viability was measured using Trypan blue. The surviving fraction was assessed by clonogenic assay as explained above.

### Magnetic fluid hyperthermia

Approximately 5 × 10[@b5-ijn-8-1003] cells (in 2.5 mL final Dulbecco's modifed Eagle's medium suspension) were transferred to 10 mL glass tubes and treated with cDDP (5 μM), copper (5 μM), neither or both, concomitantly with a concentration of 2 mg/ mL of autoclaved IO carboxymethyl dextran nanoparticles. The tubes were then placed in the coil of the heat induction equipment and exposed to an alternating magnetic field. The environment surrounding the sample was kept at 37°C using an incubator enclosure. The sample temperature increased to 41°C due to energy dissipation by the nanoparticles and was held at that temperature for 30 minutes. A frequency of 237 kHz and a magnetic field of 20 kA/m were applied during the treatment period. After treatment, the cells were incubated for a further 2 hours at 37°C. The cells were then spun down for 10 minutes and the treatment medium was discarded. The cells were resuspended in 2.5 mL of Dulbecco's modified Eagle's medium. The viability fraction and surviving fraction were assessed as previously described.

cDDP uptake studies
-------------------

Approximately 10 × 10[@b6-ijn-8-1003] cells were exposed to either cDDP (5 μM), copper (5 μM) or both, and treated for 30 minutes with magnetic fluid hyperthermia or hot water hyperthermia at 41°C. The samples were subsequently placed in the incubator at 37°C for a period of 2 hours. At the end of the treatment period the cells were removed from the test tubes and centrifuged at 800 g for 10 minutes in order to remove the drug. The pellets were washed three times with phosphate-buffered saline at 4°C. After the final wash, the supernatant was aspirated and the pellet was frozen at −20°C, while awaiting uptake assay. The pelleted cells were resuspended in 200 μL of ultrapure water to obtain a homogeneous cell suspension. The suspended cells were transferred into glass tubes containing 70% HNO3 and then mineralized until completely dried at 80°C. The mineralized sample was dissolved in 2 mL of 2% HNO3 containing 50 μg/L of indium (used as the internal standard). The samples were further disrupted by means of sonication for 10 minutes, resulting in a clear solution.[@b33-ijn-8-1003] Sample analysis for platinum content was made using an inductively coupled plasma-mass spectrometer (X5 Series; Thermo Optek, Cinisello Balsamo, Italy). Concentration values were corrected to the indium signal.[@b33-ijn-8-1003]

Membrane fluidization studies
-----------------------------

Membrane fluidity was determined by measuring fluorescence anisotropy using TMA-DPH. After the cell samples had undergone treatment, TMA-DPH was added to a final concentration of 5 μM and the samples were allowed to incubate for 5 minutes prior to measurements. Fluorescence intensity measurements parallel or perpendicular to the direction of the excitation beam were read using a fluorescence spectrometer (USB4000; Ocean Optics, Henderson, NV, USA) with an external excitation source (100 mW, excitation wavelength 405 nm, emission 430 nm; Wicked Lasers, Hong Kong, People's Republic of China). Fluorescence anisotropy values are inversely proportional to cell membrane fluidity and are quantified according to:
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where I~vv~ is the fluorescence intensity emitted parallel to the direction of excitation light, and I~vh~ is fluorescence intensity emitted perpendicular to excitation light.[@b34-ijn-8-1003]

Flow cytometer
--------------

Cells (5 × 10[@b5-ijn-8-1003]) were stained with acridine orange immediately after hyperthermic treatment to a concentration of 1 μg/mL for a period of 5 minutes, then washed and resuspended in phosphate-buffered saline. Green (500-550 nm, FL1 channel) fluorescence, which was illuminated with blue (488 nm) light excitation, was measured using a flow cytometer (Accuri C6; Becton Dickinson, Ann Arbor, MI, USA).

Confocal microscopy
-------------------

Cells stained with acridine orange were washed and resuspended in phosphate-buffered saline. Next, 20 μL of the cell suspension was aliquoted onto a microscope slide and immediately overlayed with a cover slip. Pictures were obtained with a spinning disk (Intelligent Imaging Innovations Inc, Denver, CO, USA) confocal microscope (Olympus IX81; Olympus America, Center Valley, PA, USA) equipped with a Xenon Fl source for visualization. Images were captured using a 60× oil immersion objective and Rolera EM-C2 camera ( Quantitative Imaging Corporation, Cary, NC, USA). Experiments were repeated twice, and two images were obtained for each sample analyzed. All pictures were taken with an identical exposure time.

Statistical analysis
--------------------

The sample size was n = 3 for all experiments except for confocal imaging (n = 2) and the control group in platinum uptake analysis (n = 4). Statistical analyses were conducted using the Student's *t*-test (two-tailed distribution, two-sample with unequal variances). Differences were considered significant at *P* \< 0.05. The standard error and surviving fraction for clonogenic assay studies were determined using the approach established by Gupta et al.[@b35-ijn-8-1003]

Results
=======

Nanoparticle characterization
-----------------------------

The nanoparticles used in this study were the same batch used by Rodriguez-Luccioni et al.[@b29-ijn-8-1003] In that study, the hydro-dynamic diameter of the IO nanoparticles was determined to be 72 ± 4 nm by dynamic light scattering. The inorganic core content was found to be 27% by weight, as determined by thermogravimetric analysis. A specific absorption rate value of 245 W/g was determined at a magnetic field amplitude of 20 kA/m and a frequency of 238 kHz. Considering that specific absorption rate values generally depend on the magnetic field amplitude and frequency, nanoparticle structure (size and shape), and magnetic properties, the specific absorption rate value obtained for nanoparticles used in this study is consistent with data reported in the literature.[@b26-ijn-8-1003],[@b27-ijn-8-1003] For example, IO nanoparticles exposed to a magnetic field amplitude of 24.5 kA/m and frequency of 400 kHz had a specific absorption rate value of 447 W/g.[@b26-ijn-8-1003],[@b36-ijn-8-1003] On the other hand, Dennis et al synthesized and studied two different batches of IO nanoparticles coated with dextran. When they were exposed to a magnetic field amplitude of 85.9 kA/m and a frequency of 150 kHz, nanoparticles with lower saturation magnetization had a specific absorption rate value of 209 W/g, whereas nanoparticles with higher saturation magnetization had a specific absorption rate value of 537 W/g.[@b37-ijn-8-1003],[@b38-ijn-8-1003]

Effect of extracellular copper on cDDP-induced cell death
---------------------------------------------------------

hCTR1-mediated uptake of cDDP into cells has been extensively documented.[@b9-ijn-8-1003]--[@b14-ijn-8-1003],[@b19-ijn-8-1003]--[@b24-ijn-8-1003] It is widely accepted as the primary mechanism of influx of this platinum-based drug in cells.[@b10-ijn-8-1003],[@b11-ijn-8-1003] To assess the effect of extracellular copper on this form of drug transport, the surviving fraction and viability ratio of Caco-2 cells was studied by exposing cells to a mixture of 5 μM copper and increasing concentrations of cDDP for 2.5 hours. The concentration of copper was chosen based on its reported binding constant (K~m~) value. Because K~m~ is defined as the copper concentration when the rate of transport through the hCTR1receptor is half of its maximum value, we chose a copper concentration above the K~m~ in order to hinder the hCTR1 receptor.[@b39-ijn-8-1003] The surviving fraction of samples began to deviate significantly at cDDP concentrations above 5 μM, after which the fraction of surviving cells treated without copper dropped dramatically ([Figure 1](#f1-ijn-8-1003){ref-type="fig"}). On the other hand, we observed statistically significant differences in the viability ratio of cells treated with copper at concentrations of cDDP above 40 μM ( [Figure 1](#f1-ijn-8-1003){ref-type="fig"}). The IC~50~ value of cDDP in the absence of copper was approximately 80 μM for both experimental methods. In the presence of copper, this value increased by approximately 30%. Mild hyperthermia is known to significantly enhance cDDP potentiation, leading to a significant increase in cell death. Consequently, we chose a lower drug concentration of 5 μM for subsequent experiments.

Because the magnetic fluid hyperthermia setup requires use of IO carboxymethyl dextran nanoparticles to induce heat, the cells were treated with the required concentration of these nanoparticles (0.6 mg IO/mL) in order to evaluate nanoparticle-induced cytotoxicity. Previous work by our group has shown that this concentration of nanoparticles used during magnetic fluid hyperthermia treatment does not induce cell cytotoxicity on its own.[@b29-ijn-8-1003]

Effect of copper on cDDP-induced cell death after hyperthermic treatment
------------------------------------------------------------------------

In an initial attempt to explain the differences in enhanced cytotoxicity between both forms of hyperthermic treatment, Caco-2 cells were treated for 30 minutes at 37°C or at 41°C using either hot water hyperthermia or magnetic fluid hyperthermia in combination with cDDP or cDDP + copper. After heat treatment, the cells were further exposed to cDDP or cDDP + copper for an additional 2 hours. This treatment sequence was chosen because an independent study had concluded that cDDP potentiation was most effective when the drug and hyperthermic treatment were applied simultaneously, followed by 2 hours of exposure to the drug at 37°C.[@b29-ijn-8-1003] Cell viability and clonogenicity were quantified. The cytotoxic effects of hot water hyperthermia and magnetic fluid hyperthermia were evident using both assays ([Figure 2](#f2-ijn-8-1003){ref-type="fig"}). Interestingly, the surviving fraction determined using a clonogenic assay was consistently higher than viability ratio determined using trypan blue exclusion test, except for the cells treated with a combination of magnetic fluid hyperthermia and cDDP, with and without copper. The combination of magnetic fluid hyperthermia and cDDP proved to be most effective in reducing Caco-2 viability and clonogenicity, resulting in a statistically significant difference in viability ratio and surviving fractions relative to untreated cells and those treated with hot water hyperthermia ([Figure 2](#f2-ijn-8-1003){ref-type="fig"}, cDDP). In a similar manner, magnetic fluid hyperthermia was most effective in treating cells concomitantly with cDDP and copper ([Figure 2](#f2-ijn-8-1003){ref-type="fig"}, cDDP + copper). The presence of extracellular copper resulted in a statistically significant difference in the surviving fraction for cells treated with hot water hyperthermia. In contrast, copper appeared to have little or no effect on Caco-2 cell survival in the context of magnetic fluid hyperthermia ([Figure 2](#f2-ijn-8-1003){ref-type="fig"}, cDDP versus cDDP + copper).

Accumulation of cDDP in vitro
-----------------------------

The uptake of platinum in the context of hyperthermia, in the presence and absence of copper, was measured as a means to elucidate the mechanism of cell death induced by hyperthermia and cDDP ([Figure 3](#f3-ijn-8-1003){ref-type="fig"}). Immediately after treatment, the cells were washed three times with cold phosphate-buffered saline by centrifugation, then pelleted and frozen until the samples were ready to be quantified. The use of magnetic fluid hyperthermia and hot water hyperthermia in the presence of cDDP increased platinum uptake significantly when compared with control cells (cells with cDDP in the incubator versus cells with cDDP treated with hot water hyperthermia and those treated with cDDP and magnetic fluid hyperthermia). Furthermore, platinum uptake in cells treated with magnetic fluid hyperthermia was significantly greater than that in cells treated with hot water hyperthermia (cDDP hot water hyperthermia versus cDDP with magnetic fluid hyperthermia). Whereas the presence of extracellular copper served a protective role in our control cells, this was not evident in cells treated with cDDP in combination with either magnetic fluid hyperthermia or hot water hyperthermia. However, the surviving fraction of cells treated with magnetic fluid hyperthermia and cDDP in the presence of copper was lower than that of cells treated with hot water hyperthermia under the same conditions ([Figure 2](#f2-ijn-8-1003){ref-type="fig"}). Taken together, these results show that magnetic fluid hyperthermia promotes higher cDDP uptake than hot water hyperthermia at the same temperature of 41°C. Furthermore, no statistically significant differences in uptake of platinum by hyperthermia-treated cells in the presence of extracellular copper were observed, which suggests that both mild heat treatments are able to increase cell membrane fluidity, such that the protective role of copper is no longer apparent under these conditions. In light of these results, we hypothesized that differences in membrane fluidity induced by both forms of hyperthermic treatment could explain the disparities in platinum uptake, and thereby surviving fraction and viability ratio, among the conditions evaluated. In order to test this hypothesis we conducted fluorescence polarization studies using a membrane-bound TMA-DPH probe.

Increased membrane fluidity in cells treated with magnetic fluid hyperthermia
-----------------------------------------------------------------------------

TMA-DPH is a cationic derivative of the classic fluorescence polarization probe DPH, and has significant specificity for the cell plasma membrane, by anchoring its charged trimethylammonium group at the polar heads of the phospholipid bilayers and the apolar DPH moiety placed between the fatty acid chains.[@b34-ijn-8-1003] TMA-DPH has been used to label the outer leaflet of lipid bilayers in order to follow changes in membrane arrangements by fluorescence anisotropy measurements. These measurements have been shown to correlate with the rotational capability of the probe.[@b40-ijn-8-1003]

Previous studies have shown that the heat shock response of cells involves an increase in cell membrane fluidity.[@b5-ijn-8-1003]--[@b7-ijn-8-1003] We hypothesized that cells that have undergone a mild treatment of hyperthermia (41°C and 30 minutes) using magnetic nanoparticles would suffer an additional mechanical stress on their cell membrane, induced by the presence of rotating and/or vibrating nanoparticles in solution, resulting in a higher membrane fluidity than those cells treated with hot water hyperthermia under the same temperature and for the same duration. Consequently, differences in fluorescence anisotropy induced by TMA-DPH would be observed.

Our results showed significant differences in membrane arrangements for both hyperthermic conditions relative to the control, as seen by a decrease in their fluorescence anisotropy reading, with magnetic fluid hyperthermia-treated cells showing significantly greater membrane fluidity than hot water hyperthermia-treated cells ([Figure 4](#f4-ijn-8-1003){ref-type="fig"}). This result suggests that magnetic fluid hyperthermia can induce an additional stress on the cellular membrane, either absent or not as significant in hot water hyperthermia-treated cells, that promotes higher membrane fluidity and which may be responsible for differences in cDDP uptake ([Figure 3](#f3-ijn-8-1003){ref-type="fig"}). In order to determine whether or not the concentration of cDDP used in this study induces membrane fluidity, we quantified changes in anisotropy for Caco-2 cells exposed to cDDP 5 μM at 37°C for 30 minutes, followed by TMA-DPH labeling. As shown in [Figure 4](#f4-ijn-8-1003){ref-type="fig"} (red), cDDP-treated cells did not show any significant increase in membrane fluidity compared with the control.

Enhanced passive transport of acridine orange in magnetic fluid hyperthermia-treated cells
------------------------------------------------------------------------------------------

An alternative indirect approach was used to evaluate changes in membrane fluidity of treated cells relative to untreated cells, by measuring the fluorescence intensity of cells exposed to acridine orange ([Figure 5](#f5-ijn-8-1003){ref-type="fig"}). Green fluorescence intensity measurements (as measured using a flow cytometer) were significantly higher in cells treated with mild hyperthermia relative to untreated cells ([Figure 5](#f5-ijn-8-1003){ref-type="fig"}). Furthermore, the green fluorescence intensity of cells treated with magnetic fluid hyperthermia was significantly higher than that of cells treated with hot water hyperthermia. As shown in [Table 1](#t1-ijn-8-1003){ref-type="table"}, the fold increases in fluorescence intensity observed between magnetic fluid hyperthermia and hot water hyperthermia were statistically different ([Table 1](#t1-ijn-8-1003){ref-type="table"}). Finally, qualitative imaging of samples ([Figure 6](#f6-ijn-8-1003){ref-type="fig"}) showed incorporation of acridine orange. In agreement with flow cytometry measurements, an increase in green fluorescence is more apparent in cells treated with mild hyperthermia, with magnetic fluid hyperthermia-treated cells showing the most significant incorporation of the weak base. These results suggest that the rate of passive diffusion of acridine orange had greater enhancement in magnetic fluid hyperthermia-treated cells, presumably due to an increase in cell membrane fluidity.

Discussion
==========

In the present work, we have shown that the presence of extracellular copper at a concentration close to the K~m~ value of hCTR1 reduces cDDP-induced cytotoxicity in Caco-2 cells at cisplatin concentrations above 5 μM ([Figure 1](#f1-ijn-8-1003){ref-type="fig"}).[@b39-ijn-8-1003] In order to determine whether the aforementioned concentration of extracellular copper is able to affect mild hyperthermic-induced cell toxicity, we treated Caco-2 cells with cDDP at 41°C with either magnetic fluid hyperthermia or hot water hyperthermia, in the presence and absence of extracellular copper ([Figure 2](#f2-ijn-8-1003){ref-type="fig"}). We had previously reported differences in cell viability after combined treatment of cDDP and mild hot water hyperthermia or magnetic fluid hyperthermia at 41°C.[@b30-ijn-8-1003] At the aforementioned temperature, differences in drug potentiation could be observed without compromising the fate of our entire cell sample.

Our results show that while copper serves a protective role in the context of long-term clonogenic survival when cells are treated concomitantly with hot water hyperthermia and cDDP, this protective role is not evident when magnetic fluid hyperthermia is used instead. No protective role in short-term cell viability was observed under our experimental conditions. These results suggest that the synergistic potentiation of cDDP with magnetic fluid hyperthermia differs from that of cDDP with hot water hyperthermia through a mechanism that appears to be independent of hCTR1-mediated drug influx. It is possible that the presence of extracellular copper is inhibiting the amount of cDDP that is being incorporated into cells exposed to hot water hyperthermia and control cells through a competitive binding interaction with hCTR1. In the case of cells treated with cDDP and magnetic fluid hyperthermia, the absence of a protective role by copper in the surviving fraction of cells suggests that this hyperthermic treatment might allow cDDP incorporation via an alternative route. Mild hyperthermia has been shown to increase cell membrane fluidity in different cell lines.[@b41-ijn-8-1003],[@b42-ijn-8-1003] In this study, we have shown that hyperthermia-induced cell membrane fluidity is one of the mechanisms responsible for cDDP potentiation in cancer cells and that the extent of drug potentiation and membrane fluidity varies greatly between the two forms of hyperthermia application, ie, magnetic fluid hyperthermia and hot water hyperthermia. cDDP potentiation using magnetic fluid hyperthermia is caused, at least in part, by an increase in cell membrane fluidity. Cells treated concomitantly with cDDP and magnetic fluid hyperthermia or hot water hyperthermia had higher platinum uptake than control cells. Cells treated at 41°C with magnetic fluid hyperthermia had a higher platinum uptake compared with cells treated with hot water hyperthermia at the same temperature. These results point to the possibility that magnetic fluid hyperthermia-induced cell membrane fluidity was more significant than that induced by hot water hyperthermia, allowing a higher uptake of cDDP to be transported passively across the cell membrane. In order to assess this possibility, we performed two independent experiments aimed at characterizing the membrane fluidity of cells exposed to magnetic fluid hyperthermia and hot water hyperthermia ([Figure 4](#f4-ijn-8-1003){ref-type="fig"}). Statistically significant differences in fluorescence anisotropy were observed between untreated cells and cells treated at 41°C. Furthermore, a significant reduction in fluorescence anisotropy was observed in cells treated with magnetic fluid hyperthermia compared with hot water hyperthermia, suggesting that magnetic fluid hyperthermia increases cell membrane fluidity more dramatically. We also saw no significant differences in cDDP-induced membrane fluidity at the drug concentration used in this work. Finally, we quantified the amount of acridine orange which diffused into cells right after treatment with either magnetic fluid hyperthermia or hot water hyperthermia. Acridine orange is a weak base that can passively diffuse through the cell membrane. It fluoresces green when located in the cytoplasm and nucleus.[@b43-ijn-8-1003] Its fluorescence intensity is directly proportional to the amount of acridine orange that has entered into the cytoplasm and nucleus. Previous studies suggest that internalization of acridine orange into cells is mainly passive, so we hypothesized that its diffusion into cells would differ between treatments that affect the fluidity of the cell membrane.[@b44-ijn-8-1003] The fluorescence intensity of cells was analyzed quantitatively and qualitatively using flow cytometry and confocal microscopy, respectively. Statistically significant differences in fluorescence intensity were observed between cells treated with magnetic fluid hyperthermia and hot water hyperthermia ([Table 1](#t1-ijn-8-1003){ref-type="table"}). Furthermore, qualitative differences in fluorescence intensity after exposure to acridine orange were observed for cells exposed to magnetic fluid hyperthermia and hot water hyperthermia.

Conclusion
==========

To our knowledge, this work provides the first direct evidence of a mechanistic difference in the hyperthermic potentiation of a chemotherapeutic agent by hot water and magnetic fluid hyperthermia. Specifically, we have demonstrated that magnetic fluid hyperthermia enhances cDDP activity in cancer cells by enhancing passive uptake due to an increase in membrane fluidity. This mechanism was demonstrated by comparison of the reduction in cell viability and cDDP uptake in cells treated with magnetic fluid hyperthermia or hot water hyperthermia and cDDP with and without blocking active uptake through the CTR1 transporter. These studies demonstrated enhanced activity and uptake of cDDP in cells treated with magnetic fluid hyperthermia, regardless of the status of the CTR1 transporter. Further experiments demonstrated increased membrane fluidity and passive uptake of the diffusing species in cells treated with magnetic fluid hyperthermia. Future studies aim at exploring downstream cell pathways that can provide further insight into the differences in cell outcomes between different forms of hyperthermic treatments. Although demonstrated in the context of cDDP, the demonstrated mechanism of enhanced passive uptake could find application in potentiation of other chemotherapeutics.
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![Surviving fraction and viability ratio of Caco-2 cells as a function of concentration of cDDP for an exposure period of 2.5 hours with copper (squares) and without copper (circles).\
**Note:** Error bars represent the standard error of the mean of three independent experiments.\
**Abbreviation:** cDDP, Cis-diammine-dichloroplatinum (II).](ijn-8-1003Fig1){#f1-ijn-8-1003}

![Surviving fraction and viability ratio of Caco-2 cells treated with 5 μM cDDP with and without copper for 2.5 hours at 37°C, and with hot water hyperthermia or magnetic fluid hyperthermia, both at 41°C.\
**Notes:** Untreated cells, cells maintained in the incubator; cDDP, cells with cisplatin; cDDP + Cu, cells with cisplatin and copper. Error bars represent the standard error of the mean of three independent experiments.\
**Abbreviation:**cDDP, Cis-diammine-dichloroplatinum (II); HWH, hot water hyperthermia; INC, incubator; MFH, magnetic fluid hyperthermia; CU, copper.](ijn-8-1003Fig2){#f2-ijn-8-1003}

![Platinum uptake in Caco-2 cells treated with different thermal modalities in conjunction with copper and cDDP. Values represent the mean ± SE from n = 3 for experimental samples and n = 4 for controls.\
**Abbreviation:** cDDP, Cis-diammine-dichloroplatinum (II); HWH, hot water hyperthermia; INC, incubator; MFH, magnetic fluid hyperthermia; CU, copper.](ijn-8-1003Fig3){#f3-ijn-8-1003}

![Fluorescence anisotropy changes in cells treated with mild hyperthermia (41 °C) as detected by TMA-DPH.\
**Notes:** Caco-2 cells suspended in phosphate-buffered saline were treated at 41°C for 30 minutes, or left at 37°C, and labeled with TMA-DPH. The fluorescence anisotropy measurements were made at 430 nm. Data correspond to the mean ± SE for n = 3.\
**Abbreviations:** TMA-DPH, trimethylamine-diphenylhexatriene; SE, standard error of the mean; INC, incubator; HWH, hot water hyperthermia; MFH, magnetic fluid hyperthermia; cDDP, cis-diammine-dichloroplatinum (II).](ijn-8-1003Fig4){#f4-ijn-8-1003}

![Effect of mild hyperthermia on the fluorescence intensity (as measured by FL1 channel) in acridine orange-stained cells (blue, magnetic fluid hyperthermia; red, hot water hyperthermia), relative to untreated cells (black).\
**Note:** Three independent experiments were done.](ijn-8-1003Fig5){#f5-ijn-8-1003}

![Acridine orange incorporation into cells treated with mild hyperthermia (41°C). (**A**) Untreated cells. (**B**) Cells treated with water bath hyperthermia for 30 minutes. (**C**) Cells treated with magnetic fluid hyperthermia for 30 minutes (two independent experiments).](ijn-8-1003Fig6){#f6-ijn-8-1003}

###### 

Fold increase in fluorescence intensity of cells treated with hot water hyperthermia and magnetic fluid hyperthermia relative to untreated cells

         FL1 intensity                                
  ------ -------------------------------------------- ----------------------------------------------
  Mean   1.32[\*](#t1-ijn-8-1003){ref-type="table"}   1.87[\*\*](#t1-ijn-8-1003){ref-type="table"}
  SD     0.08                                         0.05
  SE     0.05                                         0.03

**Notes:** ^\*^Statistically different when compared with ^\*\*^. The numbers represent the mean of three independent experiments.

**Abbreviations:** HWH, hot water hyperthermia; MFH, magnetic fluid hyperthermia; SD, standard deviation; SE, standard error.
